A systematic solution of a general model for Copper-Oxides reveals a line of transitions T = T p (x) for x, the doping away from half-filling less than a critical value, to a phase with broken time reversal and rotational symmetry but with translational symmetry preserved. The single-particle spectrum in this phase is calculated to have a gap of d x 2 −y 2 symmetry. The properties in this phase are compared to the properties of the so called "pseudogap phase" in the Copper-Oxides. The fluctuations towards this phase promote superconductivity which is either of the d x 2 −y 2 or the generalised s-symmetry depending on whether the projected density of states at the chemical potential is larger in the d x 2 −y 2 channel, as in the hole-doped copper-oxides, or in the s-wave channel.
INTRODUCTION
A schematic phase-diagram of the Copper-Oxide (CuO) metals is shown in fig.(1) .
The superconducting region is surrounded by three regions with distinct properties: A region marked (III) with properties characterestic of a Fermi-liquid, a region marked (I) in which a Fermi-surface is discerned but in which the quasiparticle concept is inapplicable, and a region marked (II), the so-called pseudo-gap region, in which the concept of a Fermi-surface itself is lost.
The topology of fig.(1) around the superconducting region is that expected around a quantum critical point [1] in itinerant Fermions. The marginal Fermi-liquid (MFL) phenomenology [2] with which many of the unusual properties in region (I) are understood assumes a scale-invariant low energy fluctuation spectrum characterestic of a quantumcritical point at x = x c , the composition near the highest T c . A region of Fermi-liquid is then expected for x > x c at low temperatures, as in region (III), and a region with a broken symmetry for x < x c at low temperatures. As in heavy-Fermion compounds, [3] a region of superconductivity is found at low temperatures peaked in the region around the quantum critical point. From this point of view, the crucial question in CuO metals is the symmetry of the phase in the region (II) below T p (x).
A systematic theory starting with a very general model for CuO provides an answer [4] to this question. The region (II) in Fig. (1) is derived to be a phase in which a four-fold pattern of current flows in the ground state in each unit-cell as shown in Fig. (2). Four-fold symmetry around the copper-atoms as well as time-reversal symmetry are broken while their product as well as lattice translation symmetry are preserved. This phase will be referred to as the Circulating Current (CC) Phase. The properties of this phase were not studied in Ref. (4) , which was mainly concerned with the fluctuations leading to the MFL properties in region (I) and the superconductivity induced by them.
In the last few years, the properties in region (II) have become much clearer, thanks specially to Angle-Resolved Photoemission (ARPES) [5] and thermodynamic measurements. [6] A pseudo-gap in the single particle spectra, consistent with d x 2 −y 2 symmetry begins to develop at T < T p (x) which is similar to the temperature at which the specific heat coefficient γ(T) [6] and the magnetic susceptibility χ(T) [7] begin to decrease and the resistivity [8] and optical [9] and Raman-spectra [10] begin to drop below the MFL behavior of region (I). I calculate in this paper that the (CC) phase has a single-particle spectra with a gap of d x 2 −y 2 symmetry, as observed, and of the right order of magnitude, and from which the other properties in region (II) follow. The principal features of the phase-diagram in fig.(1) then arise in systematic calculations from a single model. I
suggest further experiments to confirm this identification. (Numerous ideas [11] already suggested for the pseudo-gap phase are discussed elsewhere [12] ).
THE MODEL
The CC phase is a mean-field solution of a general Hamiltonian in the basis of three orbitals per unit cell, d, p x , p y : [13] 
Here a particular choice of the relative phases of the x and y orbitals in the unit cell has been made, s x,y (k) = sin(k x a/2, k y a/2) and for later, c x,y (k) = cos((k x a/2, k y a/2) and s 2 xy (k) = (sin 2 (k x a/2 + sin 2 (k y a/2)). I consider the local interaction on the Cu and the O orbitals,
and the nearest neighbor interaction between the Cu and the O orbitals, A mean-field (non-superconducting) order parameter is sought which does not break translational symmetry (nor the rotational symmetry of spins). This means that the mean-field Hamiltonian is just a change of the coefficients in the kinetic energy operator K. All the possible mean-field decompositions of the interactions except one only change the magnitude of the coefficients while preserving the symmetry. The only interesting mean-field decomposition comes from H (2) int and yields the complex mean-field order parameter
The mean-field Hamiltonian itself is
By a unitary transformation
the phase difference is transferred completely to the p x − p y bond, so that H mf → H θ ,
where θ = θ x − θ y . It is apparent that only the phase difference of the two p − d bonds in the unit cell is gauge-invariant. With the most general interaction terms, the gaugeinvariant phase is the change in phase going around the plaquette formed by a Cu-atom and any two of its oxygen neighbors, which differs from the above only in the value of θ.
The energy of each of the three bands obtained by diagonalising Eq. (7) is changed by a finite (R, φ). But for any k the trace of the change in energy of the three bands is zero. The change in energy can therefore be expressed purely in terms of the change in energy δ ǫ ck of the filled part of the (hole) conduction band. So the mean-field values R 0 and φ 0 are determined by minimizing
δǫ ck has a complicated expression. To O(R 2 ) and leading order in (t pp /t pd ) it is
From Eq. (11) and (12) R 0 = 0 at T = 0 for
and φ 0 is π/2 or −π/2. The symmetry of the transition is therefore of the Ising variety.
For |x| << 1, Eq. (13) is satisfied only for x less than critical doping |x c |,
|x c | defines the quantum critical points for bothe electron and hole dopings. An estimate
For 
The variation of Ω 0 q with q is estimated to be slow, of O(qa) 2 .
The eigenvectors of the states in the conduction band to leading order in θ and t pp /t pd are
where |a ko > and |c ko > are the nonbonding and conduction band states of k for θ = 0 and N k is the normalization factor. The term proportional to θ 0 leads to a difference in the phase between the |p xkσ > and |p ykσ> terms in Eq. (18) 
The coupling function to zeroeth order in t pp /t pd is calculated to be
For k → k ′ ,this is ∼ (cos(k x a) − cos(k y a)).
Consider now the renormalisation of the phase-fluctuation energy through Eq.(19).
For small q
with the restriction on the sum that k < k f and k+q > k f . The self-energy of the fermions at k = k f and energy ω is ∼ ln|ω − Ω The condition for stability is derived by the ansatz that < δφ q > and < c 
where M k is the normalisation. It will turn out that u k ,k +q = 0 only for states with
. For such states momentum is not a good quantum number; I label the new states by k to indicate that the average momentum of such a state is k.
In this sense, the problem retains translational invariance only on the average.
From Eq. (19),
I use the the Brillouin-Wigner (B-W) self-consistent approximation to get:
where E ′ k s are the new one-particle eigenvalues to be determined. The B-W approximation is exact in the limit that the number of states (k + q) coupled to a given state k is very large compared to 1, as here.
Combining Eqs.(23) and (24) yields the self-consistency equations
where
In Eqs. The restriction on the sums is more clearly seen if Eq.(19) is used to generate an effective frequency dependent Fermion vertex 
as may be verified by substitution. The value of D 0 is evaluated to be of 0(θ 2 0t 2 pd ρ(0)). The gap in the one particle spectrum at the chemical potential D(k) has a d x 2 −y 2 symmetry and a magnitude which can be estimated from Eqs. (15) to be x(x c −x)t 2 pd (t pd + t pp )/(Vt pp ) which at say (x c − x) ≈ .05, and t pd ∼ V ∼ t pp ∼ 1eV is ≈ 20 meV. This has the right order of magnitude [5] . The differences of (29) from D-wave BCS single-particle spectrum are significant and have observable consequences discussed below.
The leading decrease in energy due to the modification of the single-particle spectrum is ∼ θ 2 0 . Therefore, the nature of the transition remains unchanged,at least in mean-field theory; only quantitative changes are introduced in the conditions Eqs. (16) and (17) for the occurence of the CC phase.
PROPERTIES IN THE CIRCULATING CURRENT PHASE
The single particle density of states in the CC phase calculated from Eq. (29) is
This increases as |ω/D| 1/2 for |ω/D| << 1 and unlike the d-wave superconductors, (which have a logarithmic singularity at ω = ∆, the superconducting gap), ρ cc (ω) is less than the "normal" density of states ρ(0) at all |ω| < D.
Eq. (30) should be compared with the single particle density of states measured in tunneling [17] and with the specific heat [6] C v and magnetic susceptibility [7] χ.
The former shows, (just as Eq (30)), a diminuition in the single particle density of states for low energies at T T p (x) but show no rise above ρ(0) at finite energies until T T c (x), when the characteristic superconducting density of states appears. C v in the CC phase is predicted ∼ T 3/2 and χ ∼ T 1/2 for T << T p (x). Due to the intervention of superconductivity, it is hard to test these power laws accurately. In the measured range [5, 6] Tχ/C v is nearly independent of temperature as predicted here. χ(T), measured more accurately than C v (T), can be fit to T 1/2 . One can deduce the continuation to the T-dependence below T c by invoking conservation of entropy on the C v (T) measurements.
To obtain the spectral function A(k, ω) measured by ARPES [5] one needs besides Eq. (29), the self-energy of the single particle states (and the 'coherence factors'). The situation is in some ways similar to but in an important way different from the corresponding calculation for a d-wave superconductor [18] (and completely different from s-wave superconductors). [13] In both cases, the bare polarizability χ 0 (q, ω) (calculated from a single particle-hole bubble) is zero for ω < D(q), (∆(q) for the superconductors). The lowest energy single particle scattering for momentum q occurs by an intermediate 
The spectral function at the Fermi-wave-vectorsk f defined by E(k f ) = ±D(k f ) calculated using Eq. (29) and (31) and the marginal Fermi-liquid form for Σ n is plotted in fig.(3) for a few temperatures [20] . A pseudogap in the directionk f appears below T ≈ D(k f ) producing the illusion of 'Fermi-arcs' shrinking as temperature decreases. The lineshape in fig. (3) at low energies, in the pseudo-gap region, fits the experimental curves [5] well within the experimental resolution. A prediction following from the results of the previous section is that D ∼ (x c − x) and also ∼ (T p (x) − T).
The single particle spectrum in d = 2 d-wave superconductor [18] only differs from the above because of a singularity in χ 0 (q, ω) for ω ≈ 2∆ and q ≈ 2k f in the directions connecting the maximums of the gap. This leads to a pole in ReΣ(ω, q) and therefore a sharp peak in A(ω, q) at q on the Fermi-surface close to the maximum of the gap followed by a continuum starting at ∆. No such sharp feature is to be expected in the pseudo-gap region because no singularity in χ 0 (q, ω) exists. 
Here D θ is the propagator of the θ fluctuations, which is essentially momentum independent and has a frequency dependence of a scale-invariant form [4] . We may approximate it below its cut-off frequency by −(ω c ) −1 The coupling function in Eq (32) is then expanded in a separable form in lattice-harmonics as follows:
where i are the generalised s, d x 2 −y 2 , and d xy channels: 
